The 2030 Agenda for sustainable development comprises 17 Sustainable Development Goals (SDGs) that aimed at achieving universal access to basic needs and services for all. Moreover, the SDGs present a broad and comprehensive set of goals that cover social, economic and environmental aspects. The global SDGs are interlinked and they are either mutually supportive or conflicting. Informing about the interlinkages enables policy makers to harness synergies and manage any potential conflicts between policies engaged to achieve the SDGs. This paper introduces a framework to analyze interlinkages across the SDGs based on a bottom-up process which is supported by a quantitative nexus theoretical method to evaluate the direct and indirect quantitative interactions among SDG variables. Firstly, the general concept of analyzing interactions based on a bottom-up process is presented. Secondly, a quantitative nexus method based on input-output theory that permits the evaluation of the direct and indirect interaction effects among SDG variables is introduced. Lastly, a numerical experiment is presented and results are discussed.
Introduction
The progress towards the achievement of the global SDGs will be monitored and reported upon through 169 targets and 232 indicators (UN 2017) . The different dimensions of the sustainable development agenda are quantitatively interconnected (Georgeson, Maslin & Poessinouw 2017 , OECD 2004 , Bell & Morse 2008 , Meadows 2008 , UN 2007 . Actions to achieve progress in one SDG may cause underachievement in another. Furthermore, a successful sustainable development initiative in one sector might create synergies for improvements in another (Pedercini & Barney 2010 , Karnib 2016b . Therefore, the quantitative interlinkages and integrated nature of the sustainable development agenda will require a science-based quantitative nexus perspective for analyzing interlinkages across the SDGs.
Many studies have been developed to explore the integrated nature of the SDGs (UN Water 2016, Nilsson 2017 , UNEP 2016 , Le Blanc 2015 , Shah 2016 . Identifying links using the network analysis method introduced by Le Blanc (2015) are insufficient to support real-world sustainable development policies. Moreover, the study published by Weitz (2014) is lack of solid science-based systematic background of the interlinkage analysis, while Nilsson (2017) , on the other hand, is proposing simple scoring approach using interaction scoring of seven-point scale where the rating scores are qualitative and could not informing about the indirect interlinkages across SDGs.
This study presents a conceptual quantitative nexus framework for exploring interlinkages across the SDGs based on a bottom-up process which will be supported by a detailed theoretical method to evaluate the direct and indirect quantitative interactions among SDG variables.
The Proposed Quantitative Nexus Approach for Analyzing Interlinkages across the SDGs

General Concept
The SDGs aim to guide global action on the achievement of a common set of social, environmental, economic and ecosystem development objectives for the coming fifteen years. Thus, goals are the broad aims used to shape the agreed sustainable development strategies. Specific Sustainable Development Targets (SDTs) are determined to give clear direction and objectives to achieve the SDGs. The Sustainable Development Indicators (SDIs) and their associated data variables (SDVs) are specific metrics which are used to track progress towards the achievement of the SDTs and SDGs. The SDG framework could be represented by the information pyramid shown in Figure 1 . The elaboration of SDIs requires the combination of multiple SDVs; also, certain SDVs are shared across several indicators or may, themselves, be used as indicators. On the other hand, the use of an appropriate SDIs aggregation procedure is required to evaluate the SDTs and then the SDGs (Karnib 2016a,b) . Accordingly, the entry point of evaluation progress towards achieving sustainable development goals is the assessment of the concerned indicators and the corresponding data variables. Taking variables as starting point, makes it easy to address the quantitative interdependencies and interactions across the resources they involve. The bottom-up process and SDVs nexus approach is well-suited with this principle.
Typically, SDVs that are taken into consideration to evaluate progress towards the achievement of the sustainable development goals are not independent of each other (UN, 2007; Karnib, 2016a Karnib, ,b, 2017a . For example, increasing food production to meet the needs of growing population and economies can result in increases in water, energy and land use, which may lead to potential negative impacts on ecosystems.
The evaluation and analysis of quantitative interdependence across SDVs will permit to map the actual interconnections across SDIs, thus, transmitting the interconnection information through the SDTs and then the SDGs (Figure 1 ). Figure 2 shows the general concept of the proposed approach, in effect, the evaluation of interactions across SDVs is necessary to inform policy makers about the consequences of policy options on one or more sustainable development sectors or goals. Conceiving these interactions within a quantitative nexus simulator will enable policy makers to investigate valuable knowledge that the nexus simulation model may yield. Integrating the SDIs assessment methods within a nexus simulator will derive the greatest benefit by executing simulation of sustainable development policy options many times and evaluating the resulted progress towards the achievement of the desired sustainable development targets. Essential information related to SDGs interactions could be then drawn out to inform the sustainable development planning which may include: i) the combinations of sustainable development policy options that will lead to the best and worst performance of the SDGs; ii) the data variables that have the greatest and/or least influence on the SDGs being analyzed; iii) identification of the sustainable development policies that are more robust to variables variation than others.
As shown in Figure 2 , coupling quantitative SDVs nexus model with the SDIs assessment system permits the analysis of the SDIs interactions based on different policy options. For example, the "Food Production" SDV is quantitatively interconnected with many other SDVs such as the "Water Use", "Wastewater Safely Reused", "Energy Production", etc. Any change in the "Food Production", which is an information element for SDG 2 (End hunger, achieve food security and improved nutrition, and promote sustainable agriculture), will lead to impacts on the other variables mentioned above which support the evaluation of many other SDGs (i.e. SDG 6 (Ensure availability and sustainable management of water and sanitation for all), SDG 7 (Ensure access to affordable, reliable, sustainable, and modern energy for all), SDG 11 (Make cities and human settlements inclusive, safe, resilient and sustainable)). The quantitative SDVs nexus simulator could be used to evaluate the new SDVs values due to any policy option and map any potential interactions between SDIs. This pairing of SDIs evaluation with SDVs quantitative nexus simulator can be used beneficially for many combinations of variables are being considered. The use of the proposed nexus framework for modeling interlinkages across the SDGs allows policy makers to simulate any changes in the SDVs and calculate the changes occurred in various SDIs. The detailed quantitative SDVs nexus theory will be presented in the next section.
The SDVs Quantitative Nexus Method
Many SDVs are interconnected through quantitative flows production functions (which termed production flows). The production flows of the interconnected SDVs can be viewed in matrix form with each element of the matrix representing the quantitative output of the row component used by the column component for total production quantities of that column component. This way of analysis can also be considered in an input-output table structure. Based on input-output theory, the quantity flows which leave the system, i.e. which have no consumer in the production system, such as component used by households, government, rest of the economy, losses, accumulation (storage) and exports are defined collectively as end use quantity flows.
Let the production matrix be V and its elements be . 
Then equation (1) will be:
Then let:
(The production quantities are expressed as linear function of the total quantities of )
Where are the elements of the normalized production matrix A.
Substitution into equation (2) yields,
Equation (4) can be restated in matrix form and solved for :
Where I is the identity matrix, and (=(I-A) -1 ) is known as the Leontief inverse (Miller & Blair, 2009) . By assuming that technology of the SDVs production, as represented in A matrix, do not change, each ( − ) element captures direct and indirect effects that the new end use demands have on . These are the key elements to analysing the interdependence of each SDG variable on the other. For example, if the superscript "new" is used to represent the values of variables after the change in end use values, the required total outputs ( ) caused by new end use quantities (u new ) could be then found using equation (6). In addition, the analysis of policy options by adopting efficient technology of the SDVs production flows could be also performed. Details of different policy alternatives that could be analysed by a quantitative nexus method and the related direct and indirect effects are presented in Karnib (2017d) .
The theory presented in this study evokes two remarks:
Remark 1: The technology of the SDVs production flows, as represented in A matrix, could change with time, therefore, adjustment of the A matrix is necessary to simulate long time scenario analysis.
Remark 2: Complete SDVs production flow records may not be available in some countries, therefore, any records reconciliation could be done based on experts judgement that have profound knowledge of the real system.
Illustrative Example and Analysis of Results
A hypothetical example (a case study compatible with Lebanon setting) will be presented to illustrate the application of the foregoing approach. The following three policy options are considered and the resulting changes in the SDG 6.4.2 indicator (the available water resources used) will be analyzed:
Scenario1: This scenario consists of increasing 20 % the household demand of agricultural and food production, household use of energy and household use of water. All other end use demands are assumed unchanged.
Scenario 2: This scenario consists of reducing 20 % of the end use water losses and increasing 20 % of water use efficiency in agricultural production.
Scenario 3: The positive and negative impacts on the SDG 6.4.2 indicator resulted from scenario 1 and 2 will be analyzed. The aim of this scenario is to show how negative impacts of scenario 1 may be offset by the positive impacts of scenario 2 in a framework of nexus approach where the direct and indirect effects of policy options are calculated.
The quantitative direct and indirect impacts of the proposed three scenarios will be evaluated using the proposed approach.
The identification of the SDG indicators and their methods of calculation could be approached in different ways according to the specific conditions of each country. Therefore, the national sustainable development monitoring framework could extend beyond the scope of the global monitoring framework and may include a number of additional indicators not considered under the SDGs. To respond to the sustainable development issues considered in scenarios 1, 2 and 3 mentioned above, the following SDVs are used (Table 1) 
Where : the total quantities of the i th SDV RW: the total renewable freshwater resources (Mm 3 /year) EW: the environmental water requirements (Mm 3 /year)
In this case study, RW = 2400 Mm 3 /year and EW = 600 Mm 3 /year. 
. These values represent the Business As Usual (BAU) scenario. The available water resources used (SDG6.4.2 indicator) value of the BAU scenario is 81 % (evaluated using equation (7)).
The scenario 1 will be now considered, the resulting changes in the variables total quantities (∆ ) (direct and indirect outputs) caused by the changes in household end use quantities (∆ ) are then evaluated using the SDVs nexus simulator. The results are presented in Table 3 . The new values of , and may support various potential indicators related to many sustainable development goals. The increase of these variables values will lead to positive effects on many aspects related to SDGs 1, 2, 6, 7, 9 & 11. Furthermore, the SDG6.4.2 indicator is evaluated using equation (7) Finally, by considering the scenario 3, the resulting value of the SDG6.4.2 indicator is 78 % which is slightly less than the value of the BAU scenario. The proposed nexus framework allows the evaluation of the direct and direct effects of policy options where the negative impacts on SDG6.4.2 indicator resulted from scenario 1 are offset by the positive impacts of scenario 2.
Conclusions and Further Developments
Many of SDG variables are quantitatively interconnected, some of them support the evaluation of more than one sustainable development indicator. A quantitative nexus approach among SDG variables coupled with bottom-up process to transmit the interconnection information to the SDTs and SDGs is an important tool to inform policy makers about the interlinkages and trade-offs among policies engaged to achieve the SDGs.
This paper introduces a quantitative nexus approach to evaluate the SDVs as an interconnected components that directly and indirectly affect one another. The proposed method allows the analysis of the interactions and informing about the multilateral consequences that affect the progress towards the achievement of the sustainable development goals. It helps policy makers to harness synergies and manage any potential trade-offs between policies engaged to achieve the SDGs based on realistic interlinkage relations. It allows also the evaluation of potential offsets due to several combined policy options.
The proposed approach could serve as an open knowledge platform built on a common conceptual framework that allows the sharing of knowledge between countries for many common challenges related to the achievement of the SDGs.
The application of the proposed quantitative nexus approach on a comprehensive set of interconnected SDVs is under development at our university.
